Introduction
Children with medically intractable epilepsy can be considered for epilepsy surgery if there are reasonable brain lesions responsible for their seizures. [1] [2] [3] Identification of these brain lesions is of major importance, not only to evaluate patients with medically intractable epilepsy who are surgical candidates, but also to yield a successful outcome. Magnetic resonance imaging (MRI) findings are critically important in localizing resectable lesions. Identification of a focal area on preoperative MRI may affect postoperative seizure outcome, depending on location and pathology. [4] [5] [6] Some studies have demonstrated worse postoperative seizure outcome when no lesion was found on MRI. 7, 8 As MRI techniques improve, high resolution MRI can reveal the presence of brain lesions not previously detected with earlier imaging. However, some patients continue to have no detectable lesions on MRI, despite the suggestion of a focal lesion on seizure semiology and electroencephalography (EEG). The purpose of this study is to investigate seizure outcome following epilepsy surgery in children with medically intractable epilepsy with normal preoperative brain imaging on MRI. We also describe factors associated with postoperative seizure outcome in non-lesional epilepsy surgery.
Methods
We performed a retrospective review of children who had undergone surgery for intractable epilepsy at Sang-gye Paik Hospital and Severance Children's Hospital between 1999 and 2006. Patients who had a normal or non-suspicious epileptogenic Seizure 18 (2009) [625] [626] [627] [628] [629] cortex on MRI and at least 2 years of postoperative follow up were included in this study. Preoperative MRIs were reviewed separately and confirmed by two neuroradiologists specializing in epilepsy. We identified 27 patients who met the inclusion criteria and reviewed the medical records for demographic data, age at seizure onset, age at surgery, developmental status, presurgical and postsurgical seizure types, and frequency of seizures. Results from long-term video-EEG, positron emission tomography (PET), ictal or interictal single photon emission computed tomography (SPECT), neuropychological test and histopathology of resective regions were also obtained from the medical records. The operative notes were reviewed for type of surgery and intraoperative complications.
Presurgical evaluation
All patients had long-term video-EEG monitoring using the international 10-20 scalp electrode placement system. Clinical seizure characteristics and neurological examinations were evaluated throughout a non-invasive evaluation to help identify the region of seizure origin. Formal neuropsychological tests were performed in cooperative children. General intellectual functioning was assessed by the Korean-Wechsler Intelligence Scale for Children (K-WISC) or Korean-Wechsler Preschool and Primary School of Intelligence (K-WPPSI). Postoperative test was performed at least 6 months after the surgery. All patients underwent 18-fluorodeoxyglucose (FDG) PET scans, and one patient also had amethyl-L-tryptophan PET. All patients had both ictal SPECT and interictal SPECT. In 13 patients with epileptic spasms, ictal SPECT was obtained by prolonged injection of 99mTc-ethyl cysteinate dimer (ECD) during video-EEG monitoring. When an ictal spasm was noticed during video-EEG monitoring, ECD was slowly and continuously injected for 2 min during a period of repetitive spasms. 9 Each patient was judged to have non-lesional focal epilepsy based on evidence from EEG, seizure semiology, neurologic examination, and functional neuroimaging.
MRI scanning
All MRI studies were carried out using either a 1.5 T or a 3 T MRI (Achieva 3.0 T, Philips Medical Systems, Best, Netherlands). Our standard MRI protocol included T2 and fluid attenuated inversion recovery (FLAIR) axial, T2 and FLAIR oblique coronal, fast inversion recovery with myelin suppression (FIRMS), and 3D gradient echo coronal T1 images with whole brain coverage. The 3D gradient echo T1 images were reconstructed to a slice thickness of 1 mm, while T2 images were acquired using 3 mm thickness with a 1 mm interslice gap. For the purpose of this study, all preoperative MRI scans were reviewed by two blinded neuroradiologists specializing in epilepsy. Patients were excluded from the study due to identified MRI lesions such as neoplasm or hippocampal sclerosis, and subtle abnormal findings such as blurring of the gray-white matter junction, gray matter thickening, increased gray matter signal intensity, and/or underlying white matter on T2 images.
Pathology
Pathology was reviewed in all patients who underwent resections. Interpretation of the surgical specimens was completed by a neuropathologist.
Evaluation of seizure outcome
Postoperative seizure outcome was evaluated at least 2 years postoperatively by a review of outpatient follow-up visits or telephone contact. Seizure outcome data were reported at the time of latest available follow-up. One patient had a second surgery, and this patient's seizure outcome was classified in relation to the second operation. Outcomes were classified according to the system proposed by Engel et al. 1 
Analysis
We analyzed the seizure outcome related to type of pathology, using the chi-square test, with significance defined as a p value of <0.05.
Results

Patients demographics
The study group included 16 boys and 11 girls; mean age at seizure onset was 3.2 years (range, 1 months-11 years). All patients involved in the study suffered frequent seizures despite multiple trials of antiepileptic medication, and some had even tried a ketogenic diet. An average of four antiepileptic drugs were tried preoperatively, and all 21 patients (78%) who tried a ketogenic diet were unsuccessful. Twenty patients (74%) had daily seizures (two patients (7%) had more than 10 seizures a day), and the remainder had seizures at least weekly.
Twelve patients (44%) experienced partial seizures, and in 10 of these patients (37%), the seizures were followed by secondary generalization. Eight out of 15 children (30%) who had generalized seizures were diagnosed with Lennox-Gastuat syndrome, and four of those children had evolved from infantile spasms. Seven patients (26%) were diagnosed with infantile spasms. Children with these catastrophic forms of epilepsy had a higher seizure frequency and developmental delays on the preoperative developmental evaluation.
Age at surgery ranged from 2 to 16 years (mean, 7.8 years) and nine patients (31%) were younger than 5 years at the time of surgery. Mean duration from the diagnosis of epilepsy until the operation was 1-5 years in 15 cases (55%) and 5-10 years in 11 cases (41%) ( Table 1) . Length of postoperative follow up was 4.3 years (range, 2.2-9 years), and no unexpected surgical complications were encountered in this series.
EEG and neuroimaging studies
Abnormalities implying possible focal lesions were seen in all patients during preoperative scalp EEG. All had invasive subdural EEG studies; of these, 16 (60%) had frontal lobe epilepsy, 2 (7%) had neocortical temporal lobe epilepsy, and 2 (7%) had occipital epilepsy. In seven patients (26%), invasive monitoring demonstrated multilobar seizure origins.
Ictal SPECT was performed in all patients. Of the 21 patients (78%) in whom ictal SPECT was lateralized, 18 (67%) had a focal hyperperfusion concordant with one of the electroencephalographically demonstrated seizure origins, whereas 3 patients had non-focal SPECT scans. Normal perfusion was found in six patients.
PET scan was performed in all patients. Hypometabolism was demonstrated in 21 children (78%) in the one region or lobe corresponding to the region considered responsible for seizure origin on subdural EEG; of these patients, 19 patients (90%) experienced a good outcome (Engel class I or II) after resection of this area.
Type of surgery
Types of surgery are shown in Table 2 . Single lobectomy was the most common procedure, and was performed in 20 cases (74%). Of the seven patients (26%) that underwent multilobar resection, three patients also had multiple subpial transsections (MST) through the motor areas.
Seizure outcome
Seizure outcome after surgery is shown in Table 3 . All patients had at least 2 years of postsurgical follow-up, and at latest followup 23 patients (85%) had a favorable surgical outcome. Postoperatively, 18 patients (67%) were seizure free (Engel's class I) and 4 (15%) patients had rare seizures (Engel's class II) ( Table 3 ). There was no significant correlation between the type of surgery and seizure outcome. Of the 16 patients with frontal lobe epilepsy, 11 were seizure free (69%). One (50%) of the two patients with neocortical temporal lobe epilepsy had seizure-free outcome, and both patients that underwent occipital lobe epilepsy were seizurefree. Four of seven patients (57%) with multilobar epilepsy were seizure free after multilobar resections, including two patients with additional MST. However, multilobar resection failed to control seizures in three patients (43%) (Engel class III or IV). One of these patients had no change in seizure frequency, even though she underwent repeat surgery to extend her resection.
Pathology was available from the 27 patients who underwent resective surgery. Malformation of cortical development (MCD) was the most commonly observed finding, and was described in 15 (56%) cases. MCD was histologically graded according to its severity: 8 (53%) out of 15 patients were mild, 5 (33%) were moderate and 2 (14%) were severe. Gliosis was found in 2 patients (7%) and non-specific pathological findings were described in 10 patients (34%). Table 4 relates pathology to surgical outcome. Fifteen of 17 patients (88%) in whom pathological examination demonstrated abnormal findings such as cortical dysplasia or gliosis experienced Engel' class I outcome, whereas only 3 of 10 patients (30%) with normal pathological findings experienced Engel's class I. Intergroup comparison showed statistical significance (p = 0.001).
Patients diagnosed with epileptic encephalopathies, such as Lennox-Gastaut syndrome or infantile spasms, also demonstrated a favorable seizure outcome after surgery (Table 5) .
Developmental outcome
Ten patients underwent preoperative neuropsychological test and seven out of 10 had both pre-and postoperative tests. Significant improvement was demonstrated in a postoperative developmental test in 4 of 7 (57%) children for whom complete data and formal developmental tests were available. All indexes of intellectual functioning (FSIQ, VIQ and PIQ) appeared to improve postoperatively (Table 6 ). However, the small size of samples precluded any meaningful conclusion.
Discussion
The aim of this study was to report our experience with a series of 27 children with epilepsy surgery for non-lesional intractable epilepsy. Of the 27 patients available for follow-up, favorable outcomes in Engel class I or II were attained in 82% of patients: 67% Table 4 Seizure outcome related to type of pathology.
Engel class
Positive pathology a (n = 17) Negative pathology (n = 10)
Chi-square: p = 0.001. a Positive pathology included cortical dysplasia and gliosis.
Table 5
Seizure outcome related to epilepsy classification.
Engel class PS (n = 12)
LGS (n = 8) IS (n = 7)
LGS, Lennox-Gastaut syndrome; PS, partial seizure in Engel class I and 15% in Engel class II. This seizure outcome is consistent with recent literature on the topic. 10 In this pediatric series, 44 of 101 patients (44%) were seizure-free, 15 (15%) experienced >90% reduction, and 17 (17%) had >50% reduction at 2-year follow up. In addition, our surgical outcome in infants and children with a normal MRI is comparable with results from an adult series, where 61-80% of patients reported a good seizure outcome. 8, 11, 12 Our results are also closer to those reported for children with various brain lesions seen on preoperative MRI, with 49-74% of patients seizure-free in some series. [13] [14] [15] These findings are in contrast to earlier results, which reported less favorable surgical outcomes in patients with a normal MRI than expected for patients with focal epileptogenic lesions on MRI. 7, 8 Previous studies have also suggested that the absence of a lesion on MRI is a risk factor for unfavorable surgical outcome, and that localization of the brain tissue responsible for seizure origin is difficult when MRI is normal. 16 However, although MRI is essential for evaluation of surgical candidates, additional presurgical testing including EEG, functional neuroimaging studies, and neuropsychological assessment are needed for successful localization of the seizure focus. If MRI is normal, ictal SPECT may provide additional data, and newly developed diagnostic modalities for functional imaging such as PET, functional MRI, magnetoencephalography (MEG), or magnetic resonance spectroscopy (MRS) may be helpful to localize the seizure origin. [17] [18] [19] [20] Active application of these new modalities may improve postsurgical seizure outcome. Fifty-one percent of the tissue pathology in our series demonstrated evidence of MCD. Our result is in close agreement with previous reports, which demonstrated MCD pathologically in 20-70% of patients who had undergone surgery for non-lesional epilepsy. 8, 12, 21 This suggests that current MR technique may be ineffective in detecting small or subtle cortical dysplasia. We also included gliosis in the subgroup ''positive pathology''. Although gliosis is not specific pathologic finding, it is the most important histopathological sign of CNS injury, which may cause intractable epilepsy. As more than 50% of cortical dysplasia was revealed as normal in MRI, there is a possibility that subtle brain abnormality also showed normal finding in MRI. We found a positive correlation between postoperative prognosis and tissue pathology. Eightyeight percent of 17 patients in whom pathological examination demonstrated abnormal findings such as cortical dysplasia, or less significantly gliosis, experienced Engel' class I outcome. However, only 30% of 10 patients with normal pathological findings experienced Engel's class I (p = 0.001). This result is similar to a previous report, which stated that normal pathology was one of the factors predictive of a poor surgical outcome for non-lesional refractory epilepsy, including mesial temporal lobe epilepsy. 22 However, the similarity between our study and that of CohenGadol et al.'s may have different underlying reasons; in our study, the greater proportion of dysplastic lesions was likely responsible for the good outcome, whereas the higher proportion of adult cases with hippocampal sclerosis in Cohen-Gadol et al.'s study likely resulted in a good outcome. 1, 16, 22 In correlation the type of MCD with seizure outcome, surgical outcome was best in the mild MCD and worst in severe MCD group. We achieved seizure freedom in 50% of severe, 80% of moderate and 100% of mild MCD group. This find is in contrast to previous results, which reported less favorable surgical outcomes in patients with mild cortical dysplasia. 23 The relatively small sample size might be responsible for this discrepancy. A more comprehensive workup with a detailed electrophysiologic definition of the epileptogenic region should be obtained, because pathological lesions are likely to have epileptogenic properties. We achieved a surprisingly high seizure-free outcome in the patients diagnosed with generalized epileptic encephalopathy; 88% of patients were seizure free in Lennox-Gastaut syndrome and 86% in infantile spasms. It is generally accepted that infants and children with partial epilepsy originating from focal brain lesions may be favorable surgical candidates. However, carefully selected patients with normal preoperative MRIs should undergo epilepsy surgery in cases with strong EEG and clinical features suggesting resectable focal epileptogenic areas. Recent literature suggests that epilepsy surgery may be successful in selected children and adolescents with a congenital or acquired brain lesion, despite abundant generalized or bilateral epileptiform discharges such as generalized slow spikewave complexes or hypsarrhythmia on EEG. 23 Although discrete mechanisms are unknown, some reports have indicated that generalized epileptiform discharges may be a manifestation of potentially reversible secondary epileptogenesis resulting from an interaction between the early lesion and the developing brain. 24, 25 In our series, all 15 patients with generalized epileptic encephalopathy had the evidence strongly suggesting partial seizure based on clinical presentation including asymmetric epilepsy spasm, postical Todd's paralysis or significant hemibody preference observed per caregiver prior to 12 months of age. They also had the evidence of partial epilepsy on EEG. Even though most seizures were correlated with diffuse EEG pattern, there was clear lateralizing or localizing features on interictal EEG. Most children with Lennox-Gastaut syndrome had several different types of seizures, and some of them had complex partial seizure as well. In addition, functional neuroimaging study has assisted in decision. We performed phase II evaluation on the patient who had at least two functional imaging tests concordant with clinical and electrographic features. Our results support that children with normal MRIs, despite generalized epileptic encephalopathy, can still be viable surgical candidates through the careful evaluation. Furthermore, favorable surgical outcomes can be achieved through a multimodal diagnostic approach presurgically. In summary, this study demonstrates that a favorable seizure outcome can be obtained in children with intractable epilepsy with normal MRI findings. Even in children with intractable epilepsy and normal MRIs, epilepsy surgery should be strongly considered when focal cortical abnormalities are suspected from other studies.
